ABSTRACT
I. INTRODUCTION
There are numerous oil fields in which production of oil is from many horizons; a typical example is the South Caspian Basin where fields with up to 43 producing horizons are known (Bagirov and Lerche, 1998) . Indeed, that historical database can be used to provide contours across the basin indicating where it is expected that more oil fields are to be found and the likely number of horizons to be expected per field can also be estimated (Bagirov and Lerche, 1999) . The particular South Caspian database is a useful example because it was obtained during the time of the Soviet system when economic considerations were not particularly dominant in determining whether one should drill in a developed field; more dominant was the need to supply the required amount of oil and so drilling was undertaken to provide an exhaustive investigation of the amount of recoverable oil per field. In other areas of the world, and also in the South Caspian basin since the break-up of the Soviet system, economic considerations limit the amount of drilling one will undertake -too deep an horizon with too little oil estimated to be recoverable will not be undertaken because there is no profit in so doing. The price that is paid for this non-drilling is that one does not have such an extensive database of horizons per field as one has from the old Soviet style system, so that estimates of how many remaining horizons there are in a given oil field, or even the number of remaining oil fields likely to be found, are more uncertain.
In addition, there is an unknown factor concerning the correlation of producible horizons. The sense of the argument here is that, in a given oil field, the horizons are likely to have been subjected to the same sedimentological development after deposition and are also likely to have been deposited in the same geological setting. Thus it is usually taken that if a shallow horizon in a field is oil producing, and so possesses an oil seal since being charged, then the same sealing capability will also be operative for other horizons in the field. As long as the horizons are all sourced with hydrocarbons from the same drainage area then, if any one horizon is found to be oilbearing, other horizons in the same field will also likely be oil-bearing.
This simple argument is, of course, subject to several caveats: that oil charged the field after all horizons were deposited; that all horizons did indeed undergo the same post-depositional development; that all horizons are sealed by precisely the same mechanism; that there has been no post-depositional selective development of one horizon in relation to others (such as fault initiation which influences only some of the field horizons); that the sourcing of oil is indeed encompassing all the horizons and not just, say, the shallower horizons due to variation of permeability pathways from the drainage area to the field; etc. In short, there is not a perfect correlation of oil finding probability from one horizon to the next in a given field. Some horizons will be cemented, or only water-bearing, or had oil but leaked at some time prior to the present-day, and so there is an imperfect prediction of how results from a known oilbearing horizon are to be carried forward to other horizons. It is also not known precisely how many horizons a given oil field supports, so uncertainty is also present on when to stop drilling in the search for further horizons which could be oil producing.
For all these reasons, the development of a given oil field has associated uncertainties. What one would like to do is to use information already gleaned in an oil field from known horizons, which are either dry or which produce, to set some kind of estimate on whether it is worthwhile drilling for yet another horizon and the probability that such an horizon, if discovered, will contain recoverable reserves of economic worth. The purpose of this paper is to show how one can go about determining such an estimate.
II. TECHNICAL PROCEDURES
There are several component parts that need to be integrated when one makes an estimate of likely occurrence of another oil producing horizon in a given field and the economic worth of drilling to and/or developing any such putative horizon.
First, one already has some information in terms of the total number of horizons drilled on the field and the percentage that were oil bearing. So one should, presumably, use that information to assess the likelihood of finding yet another horizon on the field and the probability it will be oil bearing.
Second, one should use any correlated information available concerning the chances that if an oil bearing horizon has been found then there is a greater chance that, if another horizon exists, then it, too, will likely also be oil bearing.
Third, one has to incorporate the economic aspects of any likely find of a new oil bearing horizon being profitable.
In practice what usually happens is that the third stage is evaluated without taking into account too much information from the other two components, except in a rather cursory manner as we shall show.
a. Independent Evaluation.
The simplest sort of evaluation, but far from the most correct, is to assume that one knows nothing about any previous oil-bearing horizons uncovered in the field. Then from geological knowledge or seismic or whatever means a corporation deems suitable, some estimate is made of the probability, p h , of an horizon existing in the field and also a probability, p s , that any such horizon will be oil-bearing. Equally, therefore, one has the probability estimate, p nh (=1-p h ) that no horizon is to be found, and also the probability p ns (=1-p s ) that, even if a horizon does exist, it will either be dry or contain too little recoverable oil to be commercially producible. If the costs of drilling to the anticipated depth of such a putative horizon are estimated at C, and the gains if the horizon has recoverable oil are estimated at G then a decision-tree diagram, as depicted in Figure 1 , shows the various possible outcomes of drilling. Note from Figure 1 that even if one finds an horizon there is a chance it will be less than commercial. The expected value, EV, of the decision-tree diagram shown in Figure 1 is often used to decide whether to go ahead with drilling to the depth of the anticipated horizon. The EV value is given by
so that, once one has somehow estimated the parameters p h , p s , G and C, then one can determine whether the EV is positive or negative -a positive value usually being taken as an indication to go ahead with the drilling. However, there is also an uncertainty to the EV because it does not represent any of the possible outcomes from the decisiontree of Figure1 but rather the average if an infinite number of like situations could be drilled -something that does not occur in practice. To estimate the worth and risk of using the EV as a discriminator for decisions to drill or not drill, one must also look at the uncertainty of EV. This uncertainty, s , is usually estimated by calculating
where the second moment, E 2 , of the decision-tree is given by
A measure of the risk attached to using the EV as the decision discriminator is the volatility, v, defined by v = s /EV. A high value of v (>>1) means that the uncertainty on the EV is much larger that the EV itself, so there is then considerable risk attached to using EV as a good indicator of the worth of proceeding with the drilling; a low value of v (<<1) indicates that there is but little uncertainty in the EV so it represents a fair way to assess the worth of going ahead with the drilling. One can put the risk factor another way. Based solely on the EV and its uncertainty, s , one can write an equivalent Gaussian probability P (V) that any such newly discovered horizon will contribute a profit of V or greater as
which can be written in the cleaner form
where a = (V-EV)/2 1/2 s . A customary measure of minimum profit involvement is often taken to be a profit of zero, i. e. V=0. Then the probability that the drilling will yield a profit in excess of zero is
with b = -EV/2 1/2 s = -1/(2 1/2 v). Thus there is a relatively tight connection between the volatility, v, and the probability of making a profit at all based on the use of just the EV and its uncertainty, as determined from the decision-tree diagram of Figure 1 . While this economic evaluation is simple it is also far from what is actually required. The reason is that nowhere has any use been made of prior information on previous horizon discoveries in the field nor of the percentage of non-commercial or dry horizons found, nor indeed of any correlated information uncovered from prior information on the multiple horizons found and their oil-bearing capability. This sort of information must be included if one is to use efficiently all information to improve the quality of the decision to drill or not drill to a potential horizon depth with the hope of finding an horizon which is oil-bearing at a commercial level. These aspects are considered next.
b. Use of Known Horizon Information in Similar Oil Fields
Two components are needed here to improve the chances that drilling should be undertaken to a putative depth where one hopes a new horizon will be found. First one must consider the probability that such an horizon exists and second one must consider the probability that such an horizon will be oil-bearing. One way to provide some information on the likely potential that another so far undiscovered horizon exists in a given oil field is by analogy reasoning using information on discovered horizons per field in other fields in the same geological setting and covering the same ages of structures. We illustrate how this procedure works using data on known horizons per oil field from fields in the South Caspian Basin.
(i) Azerbaijan data and analysis
In the onshore region of Azerbaijan there are approximately 300 structures that could be oil fields (Alizadeh, 1996; Mekhtiyev and Bagir-Zadeh, 1984) ). Of these structures, 37 are known producing oil fields with various numbers of production horizons per field, ranging from 1 to 43. Not all of the onshore structures have been tested for commercial oil horizons. Likewise, in the offshore region of the South Caspian Basin as a whole, there are several hundred structures, while in the Azerbaijan offshore region about 66 structures have so far been detected. And there is no doubt that intensive seismic surveys, recently being carried out in this region, will fill this list with new revealed structures. In the shallow water (<100m) regime, 18 oil fields produce from between 1 to 23 horizons. The question addressed here is to estimate the probability of the number of structures that could be oil producers, and the probable distribution of producing horizons per field.
To further this goal, statistical oil field data were made available from the Geological Institute of Azerbaijan covering the last 100 years of oil production in the onshore and shallow (<100m of water) offshore region of Azerbaijan. The data include, but are not limited to, number of producing horizons for each field, oil column thicknesses per horizon, areal extent of depth to each horizon, production rate records; cumulative production records per horizon; stratigraphy, porosity, permeability, gas to oil ratios (GOR), condensate information, excess pressure gradient, temperature, etc.
Not included in the on-shore data are the number of structures tested with oilbearing horizons to provide the known 37 commercial producers which, as will become evident, is a critical component to be estimated. And a similar lack is also noted for the offshore data. This "missing" information is possibly because records over a 100-year period have not been as impeccably maintained as one would wish through several political upheavals.
In short: an almost overwhelming amount of data is available to help analyze the likely amount of oil still to be found in the onshore and offshore regions of Azerbaijan. What is still unclear is how the producing horizons are grouped by area, oil column, depth, stratigraphy, age, structure size, etc., and how the recoverable oil relates to tectonic events, mud volcano events, faults, etc. Clearly, in efforts to assess which onshore and offshore structures are likely to be oil-bearing in a commercial sense, and to evaluate the amount and spatial distribution of oil likely to be found, progress must be made beyond the first stage reported here. Such evaluations have been considered elsewhere (Bagirov and Lerche, 1999) but the evaluations are fraught with difficulty, not only because of omissions in the data base (likely due to political exigency), but also because numbers reported in the production statistics are often coloured by what was set as a political target plan versus what was actually produced. The process of attempting to sort out valid numbers from politically enhanced numbers is, itself, not without considerable difficulty, which is also part of the reason that just the number of commercial horizons/field is used here -the horizon number is a more accurate value even if production per horizon is not.
As part of this long-range aim, here we concentrate on determining the probability, p o , of a structure having no commercial oil-bearing horizons. If one can determine that probability, and if one can also estimate the probable number, M, of structures that either had no oil columns or were found to have sub-commercial oil columns, and that were tested to provide the 37 known producing fields on-shore, then one can argue that of the total 300, about 300 p o , have no commercial oil horizons, and so 300(1-p o )-37 of the remainder will have commercial oil. The oil finding success probability will then be about (300(1-p o )-37)/(300-37). The known field size distributions and GOR values could then be used to assess residual amounts of hydrocarbons still to be found, but that aspect will be treated elsewhere because, as will be shown, the first part of the problem is complex enough on its own.
For the offshore region similar arguments can be made although, as we will show, the uncertainty produced by a small statistical sample makes the accuracy of the arguments considerably less than for the onshore region.
The data collection is an ensemble of results gathered over a considerable period of time and with clearly varying degrees of reliability. To justify consideration of the data as a single set, and also to justify the validity of the numbers of producing horizons being treated as comparable is not easy. One would like to know for instance: What was the target population being sampled? What was the population actually sampled? How well do they agree? Is it reasonable to assume the sample is randomly sampled (almost certainly it is not)? What implications are there for the inferential steps embodied on the paper?
We wish we could answer these questions for then we would have not only the true history of oil finding in the region, but also a sharp predictive devise for determining where to drill. What we have, unfortunately, is the data currently available and not the detailed histories. What we are, therefore, forced to do is to try to uncover "missing" statistical information even if we cannot provide a detailed statement on each datum point. In a sense one is attempting to use presently available information to glean some of the "history" of the system. We recognize the difficulties, of course, which is why we are looking only at commercial horizons in this paper. The quality of the remaining Azerbaijan database available to us is excruciatingly difficult to evaluate and does require considerable more historical information. Basically, this section of the paper represents a first step in using historical production statistics to learn anything at all about the potential of the area from the available data.
One has to be absolutely clear what is being attempted in this section. We are not attempting to establish a drilling success ratio by assuming a correlation between the number of reservoirs in a field and the number of failed wells. Such an effort may succeed in the future with more and better data, but would certainly be so suspect at the moment as to be not useful.
What we are attempting to do is to ascertain the probability of discovering commercial fields from the data, which relate only to producing horizons in fields. Sub-commercial fields and dry structures are then considered non-commercial together.
Thus we are attempting to identify what fraction of the residual structures are likely to be commercial hydrocarbon bearing.
(ii) Observations
Culled from the available data were each field and each horizon that produced in the past or are currently producing. The frequency distribution of the number of producing horizons per field was then plotted as shown in figure 2 for the 37 onshore fields with one or more commercial horizons. Thus, for example, there are no fields with 30 producing horizons, one field with 43, 5 fields each with 2 producing horizons, etc. Figure 3 plots the same information for the lesser number (18) of offshore producing fields.
The onshore data of figure 2 show a high "spike" at low values of producing horizons/fields, and a very long "tail" at high values of producing horizons/field, suggesting that the intrinsic distribution of producing horizons/field is made up of two components: one describable by a Poisson-type of process of random occurrence (the "spike" region) and a second (the "tail") made up of a more geometrical process of random occurrence (similar to the probability of obtaining n heads in a row on the toss of a fair coin, namely (1/2) n ). The offshore data of figure 3 show similar trends although, being of sparser statistical sampling, the trends are not as crisp as they are for the onshore data.
(iii) Theory A. Probability Processes For a Poisson-type (PT) process the probability of obtaining n producing horizons/field, p n (PT), is described by
where l is the scaling parameter for the Poisson-type process. For a geometric process (GP) of random occurrence, the probability of obtaining n producing horizons/field, p n (GP), is described by
where u is the scaling parameter for the geometric process (specifically the probability of obtaining no producing horizons per field).
Note that the normalization on equations (7) and (8) is
If the observations truly correspond to two independent populations of events then one expects that a linear combination of the Poisson-type of process and the geometric process should describe the observations. Thus one anticipates that the probability, p n , of obtaining n producing horizons/field should be described theoretically by
where the coefficient a (with 0£a£1) describes the relative strengths of the two processes in contributing to p n . The probability of having zero commercially viable horizons, p o , is then given by
which is the value being sought.
B. Data Processes
The number, M, of fields that were tested for commercial producing horizons is unknown. But m (=37, onshore; = 18, offshore) fields were found with one or more producing horizons so that M-m have no producing horizons. Let N(n|M) denote the number of fields out of M that have n producing horizons, so that N(0|M) is the number with no commercially viable horizons. The observational probability, p, of obtaining n producing horizons per field is then
with N(0|M) = M-m.
But, because p o is given by equation (11), it follows that
Thus the number of fields that were tested for commercial viability is
It is then possible to write
The observations provide values for N (n|M)/m for n 1 i.e., the number of producing horizons per field divided by the number, m, of producing fields, as depicted in figure 2 (onshore) and figure 3 (offshore). Hence, the question reduces to finding values of a, u and l to best satisfy the observations.
C. Least Squares Constraints
If the theoretical probability prediction, p n , given through equation (10), and the observational probability, given through equation (15), are to be in minimal discord then a minimum should exist for X 2 , which is given through
where the sum is over only those n values for which N (n|M) ¹0. This summation is understood for the rest of this paper. Using equations (10) and (15), equation (16a) can be written
Notice that X 2 is a function of the three unknowns a, u and l , and depends on the observations through N (n|M)/m. Differentiating equation (16b) sequentially with respect to a, u and l and setting the resulting derivatives to zero provides three equations for the three unknowns.
Thus, from ¶X 2 / ¶u =0, one obtains the equation (17a) where
From ¶X 2 / ¶u =0 one obtains the equation
while from ¶X 2 / ¶l =0 one obtains the equation
Equations (17a), (17b), and (17c) are to be solved for the three unknowns a, u and l . However, one can note that the original control function, X 2 , of equation (16b) is only a quadratic function of a, but is highly non-linear in both u and l . Thus the extremum equations, (17a) -(17c), for the minimum of X 2 are all linear in a, but also highly non-linear in u and l . It is easiest to capitalize on this difference in behaviour as follows.
First, use equation (17a) to write an explicit expression for a in terms of u and l as
where
and
Then, choose a (u ,l ) pair with l 0, 0 £u £1. Calculate a from equation (18a) and check that the value of a from equation (18a) lies in the range 0 £a£1. Then substitute for a(u ,l ), and for u and l , directly in the control function, equation (16b), thereby producing a corresponding value of X 2 . Then search in (u ,l ) space (subject to the requirements l 0, 0£u £1; 0£a£1) for the minimum of X 2 by directly searching through the domain. In this way one obtains explicitly the best values of a, u and l which permit the observations of producing horizon distributions to be as accurately portrayed as possible by the model distribution.
D. Numerical Results (I) Onshore Data
The search procedure described above has been carried out with the data presented in figure 2 , with the results that the best values (lowest X 2 ) are given by a =0.60; u = 0.08; l = 0.85;
and the corresponding minimum X 2 value is X 2 (min) = 4.8 x 10 -3 (20)
A contour plot of X 2 values in (l ,u ) space is given in figure 4 , showing that the minimum is well determined. Using the innermost contour drawn on figure 4 (X 2 £5x10 -3 ) as providing a measure of the range allowed for l and u , yields a range of acceptable values as: With these best fit values, the theoretical frequency distribution for the number of producing horizons per field for the 37 known oil fields has been plotted on figure 5 superposed on the observational data, illustrating the degree of fit to the observations. The fits to the observations in figure 5 are provided with l and u at their minimum, best, and maximum values as given above. There are two obvious ways to present fits of theoretical predictions to observed values. One way is to note that only the data for producing horizons/field were used to obtain the best l , u and a-values, so that for the frequency of occurrences (as given in figure 2) one should compare directly N(n|M) against (a mp n /p o ) only at those n-values where data exist, and where a is a coefficient chosen so that the theoretical prediction of total number of producing fields is the same as observed (37); and this is what is compared in figure 5 with the notation "adjusted values" and a > 1.5. The other way is to just plot mp n /p o against N(n|M), but this procedure then provides predictions of producing horizons/field at values of n which were not used to provide the best l , u and a-values. This second procedure will obviously provide a set of theoretical values paralleling the set derived from the first procedure, but yielding a lower total number of producing fields at the n-values where observations exist than have, in fact, been observed. The reason is that this procedure puts some of the theoretically predicted frequency distribution at other n-values. The corresponding number of structures that must have been evaluated, M, to yield the 37 commercially viable fields with one or more producing horizons is
and the probability of a structure of the 47 tested structures not having any commercially viable producing horizons is
The probability, p w , of having one or more producible horizons per structure in all the structures, which contain oil-bearing horizons, is then given by
If one had certain knowledge of the 47 structures that have been tested in the past, then only 253 structures would remain to be tested, and they would then give a wildcat probability p w (=1-p o ) = 0.7 of encountering one or more oil-bearing horizons (but not necessarily commercially viable). The estimates of uncertainty on the parameters u , a, l for both the onshore and offshore producing oil fields were obtained by considering the relevant X 2 -contours drawn in the figures, as stated previously.
One could, of course, perform a full statistical confidence interval analysis but this was not considered to be a worthwhile exercise for three reasons: (i) the offshore data are sufficiently sparse that even rough parameter estimates are suspect; (ii) the onshore data, as remarked previously, while thought to be more robust than the offshore data, are an ensemble gathered under different conditions at different times; (iii) the sampling population is unknown. Given this first attempt to extract anything at all from the data available it seemed unnecessary at this stage to go to high sophistication -by and large the data do not warrant such effort.
The average number of commercially viable horizons/field expected to be encountered is
while the uncertainty, s , on this average value is given by
With a = 0.60, l =0.85 and u =0.08, one obtains the best values of <n> = 7, s = -9.
Thus within the framework of a standard error calculation, one anticipates between 1 to 16 producing horizons/field to be found in those structures with one or more oilbearing horizons, with an average of about 7 horizons/field expected. One anticipates that about 300 (1-p o ) » 216 of the total of 300 structures should contain one or more oil-bearing horizons (but not necessarily commercial), or about 179 of the untested 248 structures. If the average behaviour occurs, then there is about 4 times as much oil to find as has already been found (i.e. only 20% of the oil has been discovered so far) implying that the South Caspian basin in the onshore region of Azerbaijan is likely to be a truly giant prospective area. Between about 100 Bbbl to 500 Bbbl of potential oil reserves then remain to be discovered.
The question of which onshore prospects of the remaining 248 are likely to contain commercial oil-bearing horizons depends on the distribution of horizons with structural size and the oil volume content per horizon in those structures with one or more oil-bearing horizons. This part of the problem is addressed elsewhere (Bagirov and Lerche, 1999) .
(II) Offshore Data
A similar search procedure has been carried out for the much smaller number (18) of offshore fields, but yields less statistically significant results, as follows. Shown on figure 6 are contours of constant X 2 in the (l ,u ) space, indicating, to the limits of accuracy supplied by the sparse data, that u =1 is the best u -value. But u of unity implies that there is no geometric progression component resolvable with the limited data, so that the minimization of X 2 with respect to a and u fails to be a valid procedure. If one returns to equation (16a) and sets u =1 directly (and a=0) then one is using only a Poisson process to attempt to fit the observations, with only the single parameter l to be found. A plot of X 2 versus l , as given in figure 7, then indicates a minimum X 2 of 2.6x10 -2 at l = 2.5. Note that this minimum is fifty times poorer than for the onshore data. Taking X 2 = 4.10 -2 as a measure of uncertainty in the minimum X 2 , one has a range of allowed l values of l = 2.5 -0. . The expected number of producing horizons/field, <n>, is <n> = 2.5 -0.6 +0.9
, and the standard error, s , on <n> is s = 1.6 -0.2 +1.8 .
But the overall fit to the sparse offshore data is quite poor as shown in figure 8 for the minimum, best and maximum l -values, again using a constant adjustment factor so that the total number of fields (18) is matched by the theoretical predicted frequency distribution. Basically, the sparse offshore data are conveying the message that it just is not possible to hone in to any statistically significant measure of the parameters describing the pattern of observations -for there are not enough observations to be less than anything except equivocal about the observations and any systematic patterns of behaviour they may contain. 
(III) Cumulative Probabilities
One of the ways to try to compensate for the lack of completeness of the data, both in the onshore and offshore cases, is to plot cumulative probabilities (or cumulative frequency distributions). Thus one can draw curves for the cumulative probability of obtaining less than a prescribed number of producing horizons per field based on both the observed data and on the theoretical predicted behaviour, with l and u values determined to best fit the observations as previously. Such curves are given in figure 9a (onshore data) and figure 9b (offshore data), together with the theoretical predicted behaviour for l and u at their minimal, best and maximum values.
Thus, from figure 9a, one can argue that there is a 90% chance of obtaining less than about 19 producing horizons/field, a 50% chance of less than about 5, and only a 10% chance of less than about 1. A measure of uncertainty on the 50% cumulative probability is the volatility, v, usually defined as v = (P 90 -P 10 )/P 50 where P 90 , P 50 and P 10 are the values at 90, 50 and 10% cumulative probability, respectively. A low value (v<<1) implies but little uncertainty, while a high value (v>>1) implies major uncertainty. For the onshore data v = 3.6, so that there is considerable uncertainty on the number of producing horizons/field likely to be found. For the offshore data the corresponding values (read off from figure 9b) are P 90 = 6, P 50 = 3, P 10 = 1, for a volatility of v = 0.67, implying less overall volatility than for the onshore data but, equally, less chance of finding a high number of horizons/field.
A skew-bias factor, B, can be used as a measure of upside (high number) versus downside (low number) potential with B = n + /nwhere n + = P 90 -P 50 ; n -= P 50 -P 10 . The skew-bias factor provides a measure of obtaining a high number of producing fields/horizon relative to a low number. For the onshore data, with P 90 = 19, P 50 = 5, P 10 = 1 one has n + = 14, n -= 4, for a skew-bias of B = 3.5, so that is 3.5 times as likely one will find more than 5 producing horizons/field compared to less.
For the offshore data one has n + = 3, n -= 2, for a skew-bias of B = 1.5, implying only a little larger chance of finding more than 3 producing horizons/field compared to finding less. But, one must also be aware of the sparseness of the data in this case.
(IV) Comments
One of the major problems in both the onshore and offshore regions of the South Caspian Basin is to estimate the likely hydrocarbon reserves yet to be discovered.
The only hard evidence, from which one can make a scientific assessment of reserves, is the producible horizons historical database. In this section the first step has been taken to distill from the available data information concerning the number of structures that were tested for commercially viable horizons, based on production Figure 9 . (a) Cumulative probability plot of the number of producing horizons/field for the onshore data with superposed plots of the theoretical predictions using minimal, best, and maximal values of l and u (see text); (b) As for figure 9(a) but for the offshore data. Note the broader spread in this case, indicating a less well-resolved behaviour due to sparseness of the offshore data.
(a)
statistics. And the probabilities of not having commercially viable horizons were also estimated. For the onshore data, which are much superior in quantity than the shallow (<100m) offshore data, it would seem that there is a mix of producing horizon typesabout 60% being describable by a random geometrical process and the remaining 40% by a Poisson-type of process. It is not yet clear from the historical data base what this difference represents -be it stratigraphic, tectonic, structure type, fault-related, etc. But it is clear that a total of about 75% or more of the onshore structures that possess oil-bearing horizons can be expected to have commercial viability. The question of how many of the onshore structures do have such oil-bearing horizons is one which remains to be extracted from the historical data base -which, itself, is less than unassailable in terms of record-keeping over the last century of oil field development in Azerbaijan.
For the shallow, offshore region, statistical information that can be gleaned from the historical database is more suspect due to the lesser number of fields recorded. It would appear that nearly all of the available data of producing horizons is roughly describable by a Poisson-process, unlike only 40% in the onshore case. Whether this discrepancy is a result of less data or represents a real physical effect is unclear at this time.
In addition, the Poisson parameter, l , in the onshore and offshore cases is remarkably different (l =0.86 onshore; l =2.5 offshore), hinting at different physical causes. In the onshore case it would appear that about 47 structures with oil-bearing horizons must have been tested to provide the 37 producing fields; in the offshore 19 structures yielded 18 producing fields -again giving a strong hint of different physical causes.
On the basis of available data it would appear that the onshore information, and statistical inferences therefrom, would indicate a significant amount of commercial oil is still to be found (up to 80%). What was not considered a commercially viable horizon forty years ago, with less sophisticated extraction methods, may well be commercial with today' s sophistication of devices for extracting oil. An evaluation of such concerns is urgently needed.
Several of the major unknowns, still to be culled from the complete database available, relate to the coverage and exhaustiveness of the data. Indeed one can ask: What justification is there for assuming the spatial location of structures can be considered homogeneous? Can the exploration density of the region (from downhole electric logs used in the late ' 30s to seismic coverage today) be considered to be sufficiently dense that the population of structures can be thought of as exhaustive? What effect will the undoubted censoring of the distributions have on the estimations?
While it is true that answers to these questions may influence the estimates made, at present there is no way of answering such questions for the data from the South Caspian Basin. In this case, the questions raised do indeed suggest that, truly, a lot more work is needed on the historical database. And this first attempt is to use what we hope is one of the more reliable measures of "productivity" but we also recognize, of course, that there is a very long way yet to go.
In the offshore region, with a much less reliable historical database, it would seem that almost all oil-bearing horizons have proven to be commercial but, because of the poorer quality and quantity of data, this observation should be viewed with caution. It does seem that different types of process are in effect offshore (no geometric term; high l for the Poisson process) compared to onshore (60% geometric; low l for the Poisson process). It does seem that there is some sort of difference in structural development, but these speculations need more quantification than has currently been given.
C. Use of Known Horizon Data in a Particular Oil Field
While the above example from the South Caspian Basin shows how one can assess the probability of finding the distribution of the horizons per field and also the expected number of such horizons, and even provides the probability that a random oil field in the Basin will have more horizons to be discovered, the point is that for a particular field one should also be using the history of discovery of horizons to update the probability that the particular oil field will have more horizons. This procedure is commonly referred to as Bayesian updating of probabilities and is considered next.
A. Introduction
Once all geologic, production and economic model assessments are completed, including estimated ranges of uncertainty, then one has available a sensitivity analysis of which factors and parameters are causing the largest uncertainties in a risk assessment of the oil field for further drilling in attempts to find another oil-bearing horizon.
At this stage in a development risk analysis, the corporate decision-makers then commit to a strategy for spending money. The result is usually that one goes through the evaluation of where to drill wells, how many to drill, etc, in order to attempt to find a putative horizon.
The difficulty one now faces stems from the actual drilling undertaken: either the drill is successful in finding a new horizon which is hydrocarbon bearing or it is not. In the case of a successful find, a post-drill review is taken to compare the actual parameters (oil/gas type, reservoir petrophysical properties, economic worth, etc.) to those predicted; in the case of an unsuccessful drilling (in the sense of either not finding a new horizon at all or of finding one but with the horizon either not hydrocarbon charged or with less than an economic supply of hydrocarbons), a postdrill review is taken to determine the causes of the failure. In either event new information is available, which is used to update the risk assessment of the oil field in relation to decisions to: (a) continue with the prior strategy of development; (b) modify the strategy based on the information uncovered; (c) abandon the search for further oilbearing horizons. Thus the whole of the process of multiple horizons risk analysis for the oil field is re-evaluated based on the information.
The up-dating changes prior assessments of probabilities based on the later information acquired, and so impacts all of the geologic, production and economic assessments. This sort of updating of worth is an on-going process as a field is developed and produced. For instance, in the late stages of decline of an oil field, there arises the question of whether it is economically worthwhile to sink another well versus, say, doing a water-flood injection with the existing wells. At all stages of investigation the updating continues until the field is abandoned. This use of a posteriori information to update prior assessments of worth is usually referred to as Bayesian updating, after Bayes who formulated the basic concepts (see Jaynes, 1978 for an historical account of development of the method).
B. General Concepts of Bayesian Updating
The sense of the main idea is best expressed through an example. Suppose that two radically different geological scenarios have been proposed for new horizon finding in an oil field based on the available, incomplete, data to hand; label the scenarios A and B. One might, for instance, consider that one scenario is a passive margin setting in quiet fluvio-deltaic conditions; whereas the second scenario might consider that turbidite deposition is prevalent. Both geological scenarios cannot be correct simultaneously -but both could be incorrect simultaneously.
On the basis of each scenario, one performs a complete development risk analysis, thereby generating success probabilities (for the chance of finding a new horizon which is oil-bearing at the economic worth level), p (S|A) and p (S|B), which are conditional on each of scenarios A and B being assumed valid, respectively. One also assigns a probability of each scenario being correct, p (A) and p (B), respectively, with the sum being unity (p (A)+p (B)=1) when no other scenario is possible. Then the probability of success, p (S), irrespective of which scenario is correct, is just
Now suppose that a successful outcome to drilling actually does occur. One wishes to update the probability of each scenario being correct based on that a posteriori information, i.e. one wishes to calculate p (A|S), the probability of scenario A being correct given that event S occurs and, correspondingly, p (B|S). Bayes showed that
so that the up-dated probability of scenario A being correct given that S occurred is
With a set of possible scenarios, A i , (i=1,…N) the generalization of equation (27) 
The general argument does not have to be tailored only to success probability, but is also appropriate for any sort of event S. Thus, the argument could be based on the probability of cementation occurring in a formation, or on the probability of finding gas rather than oil, or on any other event that is then measured. In each case one starts N å j=1 with a set of different "states" A i , (i=1,…N) and assigns the initial probability, p(A i ), of the state A i being the correct one; then one computes the risk assessment of an event S occurring within the framework of state A i , and then one uses later observations of the occurrence (or non-occurrence) of event S to update the initial probability of state A i being correct. The up-dated probabilities can then be used as initial probabilities and the process repeated, with new a posteriori information being sequentially added to update continuously the state probabilities. Thus, continuous updating of resource assessments and risk assessments of an oil field can be made throughout the life of the field -and the life is itself then determined by the economic worth of continuing to develop the field based on all information used in a Bayesian up-date manner.
C. Numerical Illustrations
The ability to use the Bayesian method to update probabilities of success based on new information is one of the most powerful tools available and operates in many settings, not just in the field of hydrocarbon oil field development. Here, two illustrations of the procedure are given to provide some familiarity of the many possible uses.
Testing for a new horizon
One of the major concerns is whether one has uncovered a new horizon by drilling. While there is downhole testing available to assess whether one has indeed found an horizon, often such logging results are not 100% accurate.
Suppose, then, one performs the testing with a negative result interpreted i.e. one claims that there is no new horizon based on examination of all log and cutting information. Then either one does not have an horizon, or an horizon is there but its presence did not show up on the test, or the test is not 100% accurate. One can keep repeating the downhole testing or one can drill more wells to the prospective area and again use log information to determine if the horizon is truly present. Suppose one does so, each time with a negative result. How many times should one repeat the procedure of drilling and testing to ensure that the probability that one has no horizon at all is less than, say, 1%? Bayesian methods permit one to use the negative results of each test to update the probability each time as follows.
Let the probability be p(H) that one has an horizon. Let p(-test|H) be the probability that the test result is negative given that one does have an horizon; and let p(-test|NOH) be the probability that the test result is negative given that one does not have an horizon. (If the test is perfect then p(-test|NOH)=1; if the test is imperfect then p(-test|NOH)¹1). Then the two "states" available are A=H (an horizon is present), B=NOH(an horizon is not present). Use of equation (26) can be made, where S = the event that the test result is negative. Then with p(H|-test) as the probability of one having an horizon given that the test result is negative, the Bayes formula permits one to write
p(H|-test) = (p(-test|H)p(H) x [p(-test|H)p(H) + p(-test|NOH) (1-p(H)) ] -1 (29)
For brevity, denote p(-test|H) by 1-w and p(-test|NOH) by (« (with « =1 if the test is perfect); the probability that one has an horizon given that the test is negative has been updated from p(H) to p(H|-test).
If one kept repeating the testing (either by more downhole logs being evaluated or by drilling new holes), then after n negative result tests, the probability of one having an horizon is P n ; p(H|-test) n =
As the number of negative test results increases the probability, Pn, that one has a new horizon becomes smaller and smaller. One can also write the result as an expression for the number, n, of tests as
which can be used to determine how many tests (with continuing negative results) to take in order to reach some pre-assigned level of confidence that one does not have an horizon. For instance, suppose the testing is 90% accurate so that « =0.9. Suppose the initial assessment that one has a new horizon is 50:50, so that p(H)=1/2; and suppose the probability of a negative test result given that one does have an horizon is only 5%, i.e. w=0.95. The number of tests with negative results that one needs to take to ensure that there is only 1% chance (P n = 10 -2 ) that one has an new horizon is then given by n = ln {0.9 x 10 -2 (1-1/2) / (1/2(1-10 -2 ))} / ln(1-0.95)
which works out to be n=1.6, i.e. after two tests with negative results, one is 99% sure that one does not have a new horizon. If a test result ends up positive then one has, correspondingly,
where d = probability of a positive test result given that one does not have a new horizon. If the test is 90% accurate then d =1-« =0.1, for the numbers above. And then
Thus after one test, the probability of having an horizon is
which, for the numbers given, reduces to P 1 = 0.905 + 0.053 = 0.958
In the case of a negative test result, the initial probability of having a new horizon is reduced from 50% to 5.3%; while in the case of a positive test result, the initial probability of 50% is increased to 90.5%. And two negative test results will reduce the 0.95 x 1/2 (0.95 x 1/2) + 0.1 x (1-1/2)
probability that one has a new horizon to less than 1%; while two positive test results will not raise the probability that one has a new horizon much above about 90%, because the limiting accuracy, d , (> 10%) of the test has already been reached.
The problems in any Bayesian update are effectively the same: one is interested in the probability of state A being correct given that either an event does occur or does not occur; and one is also interested in the probability of state A being correct no matter whether an event occurs or does not occur.
In a general sense, the Bayesian updating can be put into a simple worksheet as shown in Figure 10 . The point to note from figure 10 is that the argument on Bayesian updating works both ways: in the language of the previous example one can work out the chance of having a new horizon given that a test is administered, or one can work out the probability of a positive or negative test result given the chance one has, or does not have, a new horizon. (a) (b)
Decision to Abandon Further Drilling for New Horizons in an Oil Field
One of the difficult decisions in hydrocarbon oil field development is to determine when to abandon further drilling for new oil-bearing horizons because the chance of finding another economic reservoir is too small. For instance, suppose that one has drilled three wells on an oil field in search of an new economic horizon, with the result that the first is a dry hole, the second shows a thin oil column, and the third is dry. Should one drill more wells to prove out the horizon and, if so, how many? Does one have sufficient information from the three wells already drilled to decide to abandon the drilling for a new horizon? If one were to drill more wells, what fraction could be expected to be dry holes and what fraction could be expected to be oil-bearing? Should one have drilled all of the existing wells or should one have abandoned the search for a new economic horizon before all of the wells were drilled? Bayesian updating procedures allow one to address these questions in a logical, rational manner, with quantitative estimates available of the probabilities of success or failure of each choice that one could make. Consider initially the situation prior to any wells being drilled in search of a new horizon. There must have been some risk assessment made at that stage in order that one went ahead with drilling. Let the initial probability of finding an economic reservoir be p(ER), so that the probability of not finding an economic reservoir is p(NER); 1-p(ER).
Four conditional probabilities have to be considered: (i) the probability of drilling a dry hole given that an economic reservoir does exist, p(DH|ER);
(ii) the probability of drilling and encountering an oil column given that an economic reservoir does exist, p(OC|ER); (iii) the probability of drilling a dry hole given that no economic reservoir exists, p(DH|NER); (iv) the probability of drilling and encountering an oil column given that an economic reservoir does not exist, p(OC|NER). (There can still be an oil-charged reservoir even if it is too small to be economically exploited so that p(OC|NER) is not zero).
Initial estimates of these four conditional probabilities must also be provided from the original risk assessment stage.
Thus: suppose that on the basis of available information, prior to any drilling, the oil field development risk team makes the assessment of 30% chance of drilling a dry hole and 70% chance of encountering an oil column, if an economic reservoir exists (i.e. p(DH|ER)=0.3; p(OC|ER)=0.7); while if there is no economic reservoir, the assessment calls for 80% chance of a dry hole and only 20% chance of finding an oil column (i.e. p(DH|NER)=0.8; p(OC|NER)=0.2).
Consider how matters are updated as each well is drilled and as the results of drilling are incorporated into the assessment.
And take it that the initial assessment of an oil-bearing horizon is also highly optimistic, so that the probability of encountering an economic reservoir is set at 60% (i.e. p(ER)=0.6; p(NER)=0.4).
a. After the first well; a dry hole
Here one is interested in two updated probabilities: (i) p(ER|1DH) -the probability of an economic reservoir given that the first well is a dry hole; (ii) p(NER|1DH) -the probability of no economic reservoir given that the first well is a dry hole.
From the general Bayes' formula of equation (27) one has (34) which, inserting the numerical values, yields
while the probability of no economic reservoir, given the first dry hole, is (36) which, inserting the numerical values, yields
Thus, the initial assessment of 60% chance of a new economic reservoir has dropped to 36% chance as a result of the first dry hole; while the chance of no economic reservoir has increased from 40% to 64%.
b. After the second well, an oil column find
From the general Bayes' formula of equation (27) one computes the updated probabilities of: (i) an economic reservoir given that the second well yields an oil column find p(ER|2OC); and (ii) no economic reservoir given an oil column find, p(NER|2OC). But one uses the updated probabilities p1(ER) and p1(NER) which already contain the changes in success chance brought about by incorporating the dry hole information from the first well. Thus (38) which, inserting the numerical values, yields
while the corresponding updated probability, p(NER|OC), is given by
Thus, the finding of an oil column in the second well drilled has reversed the bleak picture that resulted from the first dry hole; now the probability of a new economic reservoir has jumped from 36% to 66%, and the chance of not finding an economic 0.7x0.36 [0.7x0.36 + 0.2x0.64] 0.8x0. 4 [0.8x0.4 + 0.3x0.6] 0.3x0. 6 [0.3x0.6 + 0.8x0.4] reservoir has dropped from 64% to 34% as a result of the find.
c. After the third well, a dry hole
Following the same procedure as previously one can compute
which, inserting numerical values, yields
while, correspondingly, one also obtains
Thus, the optimism resulting from the previous well, with its oil column, is ameliorated by the third well, a dry hole, with the chance of a new successful economic reservoir now reduced from 66% to 42%, and the chance of not having an economic reservoir increased from 34% to 58%. These values are almost the same as the initial assessments of 60% and 40% but reversed. Thus the original optimistic chance of 60% success is reduced to 42%, and the failure chance of 40% is increased to 58%.
d. Chances of success
Based on the above updated probabilities, it is possible to assess the likelihood of encountering a new economic reservoir on the oil field.
Suppose that n wells could be drilled on the oil field in search of a new oil-bearing horizon. What is the probability that k out of the n will be successful in finding an oil column? That probability is made up by considering two components: the probability of an oil column find given that an economic reservoir exists multiplied by the probability of an economic reservoir; and the probability of an oil column find given that there does not exist an economic reservoir multiplied by the probability that there does not exist an economic reservoir.
Thus the probability of a well encountering an oil column, p(OC) is 
Then: if one were interested solely in the probability of a well finding an oil column, one would write a success chance as p(OC) and then note that the chance of k wells out of n yielding oil columns is
However, one is interested in the chance that the k wells yielding oil columns will indicate the presence of an economic reservoir. Thus one is interested in the probability of there being an economic reservoir given that k wells out of n did encounter oil columns multiplied by the probability that k wells out of n find an oil column, i.e. one wants to compute
Now the probability of k wells out of n wells yielding an oil column, given that an economic reservoir exists, is just
while the probability of k out of n wells yielding an oil column given that an economic reservoir does not exist is
Thus the probability of an economic reservoir given that k out of n wells encounter an oil column is
Because p(OC|ER) = 0.7, and p(OC|NER) = 0.3, one has
which can be rewritten in the simpler form p(ER|k out of nOC) = [1 + (7/3) n-2k x p(NER)/p(ER)] -1 (50b)
(i) Minimum Acceptable Chance (MAC)
Each corporation sets a minimum acceptable chance, MAC, of an horizon being economic. Once the probability of an economic reservoir existing drops below the MAC then the decision is usually made to abandon possible production from that horizon and often also to abandon the search for any further new horizons. Equating the MAC with the probability of finding an economic reservoir given that k wells out of n encounter an oil column, i.e. MAC = p(ER|k out of nOC) one can write
which enables a solution to be given for n as
Thus by using the Bayesian method on the results of the first three wells one can determine the number of wells to drill before abandonment should be considered based on both the minimum acceptable chance and on the updated information on p(ER) and p(NER) provided. After the first well (a dry hole) one has no wells that encountered an oil column (k=0) and p 1 (ER) = 0.36, p 1 (NER) = 0.64. If the minimum acceptable chance is 5%, i.e. MAC = 0.05 then the number of wells that should be drilled is n 1 = ln {(0.95/0.05) (0.36/0.64)} / ln(7/3) = 3.27 (53a)
This value is to be compared with the initial assessment (i.e. before p(ER) and p(NER) were updated as a consequence of the dry hole results of the first well) of n 0 = ln (0.95/0.05) (0.6/0.4)} / ln(7/3) = 3.96 (53b)
Thus, initially one could have anticipated drilling four wells before the MAC would have been achieved but, as a consequence of the negative results (dry hole) from the first well, one should drill only another three to test out the prospect. After the second well (an oil column find) one has one well (k=1) that has encountered an oil column, and p 2 (ER) = 0.66, p 2 (NER) = 0.34, so that n 2 = 2 + ln {(0.95/0.05) (0.66/0.34)} / ln (7/3) = 6
Thus, a further four wells (one has already drilled two wells) are suggested to prove out the prospect. But after the third well (a dry hole) one still has only one well (k=1) with an oil column find, and the updated probabilities are then p3(ER) = 0.42, p3(NER) = 0.58, so that n 3 = 2 + ln {(0.95/0.05) (0.42/0.58)} / ln (7/3) = 5.59
Thus, only two more wells should now be authorized (one has already drilled three) and, after each, one should update the probabilities to determine if the putative horizon will prove out.
(ii) Decision to drill further or not The four questions asked at the beginning of this section can now be addressed, based on the initial and updated probability assessments. 1. Should one drill more wells to prove out the prospect and, if so, how many? The answer is clearly to go ahead with the authorization to commit to two more wells, after the first three, with updating of the likelihood of finding a new economic reservoir after the results of each well are known.
2. Does one have sufficient information from the three wells already drilled to decide to abandon the search for a new productive economic horizon? The answer is: not yet, because there is still a 42% chance (down from the initial 60% estimate) of finding an economic reservoir.
3. If one were to drill more wells what fraction could be expected to be dry holes and what fraction could be expected to be oil-bearing? Note that this question does not equate "oil-bearing" with economic reservoir status, so that one is interested in p(OC) which, after the third well drilled, has dropped to 47% from the initial estimate of 60%. Thus 53% of all wells drilled could be expected to be dry, and 47% oil-bearing based on the Bayesian updating from the three wells, with 29% oil-bearing if an economic reservoir exists and 18% oil-bearing if no economic reservoir is found.
4. Should one have drilled all of the existing wells or should one have abandoned the search for a new horizon before all the wells were drilled? Based on a minimum acceptable chance (MAC) of 5%, the number of wells that should have been drilled varies from an initial estimate of n 0 = 3.96 before any drilling, to n 1 = 3.27 after the first well, to n 2 = 6 after the second well, and to n 3 = 5.59 after the third hole. Thus, there is no reason to have abandoned the search at all at any stage yet, and encouragement should be given to proceed with two more wells (after the first three) with probability updating using information from each of the new wells, just as was done for the first three wells.
d. Correlated Multiple Economic Horizons
So far the procedures illustrated in this paper have been concerned either with estimating the probability of the likely number of horizons to be found per oil field based on general information from analogous fields already developed in a basin, or have been concerned with improving the estimates of finding a new economic horizon based on Bayesian updating of probabilities for a single oil field using information from drilling results in the search for such new economic horizons. There is a third aspect that must not be overlooked in this assessment of oil field development, which is the correlated behaviour of oil-bearing horizons for a given oil field.
The general underlying tenet for expecting a correlation is based on the assumption that horizons in an oil field were likely charged after the structure was laid down and so the total drainage of oil to the field from the hydrocarbon generation kitchen region likely encompassed many of the horizons, hence there should be a correlation of oilbearing horizons in a given field. This sort of general argument has often been used in support of the search for so-called "satellite" fields on a producing field and also to enhance the search on the main field for deeper horizons, which should also show a tendency to be oil-bearing if the argument is correct.
Suppose then that N oil-bearing horizons have been drilled. For each horizon an estimate was made prior to drilling (perhaps based on variations of the methods used above or perhaps using other procedures) of the probability that the horizon would be oil-bearing. Denote such a probability for the n th horizon by p n . If there is to be a search for a deeper suspected horizon, the N+1 horizon, then the probability it, too, should be oil-bearing can be correlated with the known probabilities for the prior N fields by writing p n+1 =ap n +b, n=1,2,…N+1.
where a and b are constants yet to be determined. What equation (56) does is relate the success probability of each find to the previous finds, so that one has a correlation of probability that each success will enhance the next chance of a success -provided more horizons exist to be found in the field, of course. So what one needs to do is to obtain a and b from the first N horizon probabilities and then use equation (56) to write the probability that the next horizon to be found will be oil-bearing as p N+1 =ap N +b, which, therefore, provides a parameter for the economic evaluation assessment.
To 
where the sums run from n =1 to n =N, and where a superior prime on a sum means the sum runs only to n =N-1. Clearly such a procedure is self-updating as the number of oil-bearing horizons increases so that one can see when the term apN becomes small compared to b; virtually no correlation of the next horizon' s oil-bearing capability with the previous horizons would then exist. Under such conditions one returns effectively to independent estimates of economic worth, as described previously. But as long as the term ap N is large compared to b, then the correlation of the oil-bearing capability of the horizons is maintained, so that there is a well-determined probability that the next horizon found will also be oil-bearing. It is this correlated behaviour that one then uses to assess the probability, p N+1 , that a commercially successful new horizon will be found. An alternative procedure is also available based on the fractional number of horizons drilled and found to be economically worthwhile. Thus if N+M horizons have been drilled in the field and N are economic while the remaining M are not, then one can estimate the probability of the next horizon found (assuming one is found) being productive at p N+1 = N/(N+M). This estimate does not allow correlated information to be transferred from one horizon to the next, unlike the Bayesian procedure or the updated probability just described. Rather the estimate assumes there is a random chance that each horizon will be economic and assigns the probability according to the total number of horizons drilled and those found to be productive without considering the sequence in which productive versus non-productive horizons were found.
III. NUMERICAL ILLUSTRATION
We have already seen examples in the previous section how one uses data on horizons found per field, and also how one uses Bayesian updating based on drill information, to estimate the probability that a new horizon exists to be uncovered. This numerical illustration will, therefore, concentrate on showing how one uses such data to estimate the chance of a profitable venture.
Essentially one returns to the decision-tree diagram of Figure 1 but with the probabilities of a new horizon existing, p h , and of it being oil-bearing, p s , estimated from the methods and procedures given above. Thus, suppose one has estimated the chance of yet another horizon on the oilfield at p h = 0.25, and the chance it will be oil bearing at p s = 0.2. Let the total costs involved be estimated at C =$ 50MM and let the estimate of long term gains be given as G =$ 500MM. The corresponding EV is then EV = -$25 MM, so that on this basis alone one might be tempted to refuse to drill. However the error on the EV, as represented through s , is s = $50x5.35 1/2 MM= $115.6MM, so that the volatility is v = -4.62, representing a considerable uncertainty on the EV, in the sense that, at one standard deviation, the estimated average worth of the project can fluctuate between about $96MM to -$140MM (One must remember that this estimate is not one of the outcomes of the investigation -the result will be either an estimated profit of $450-50=$400 or a loss of $50). The corresponding cumulative probability of turning a profit is then given by P(0) = 0.41. Thus there is still a 41% chance that the search for a productive horizon would be profitable if such an horizon were to be found (but only an estimate of 25% chance of finding such a new horizon).
In short: given the riskiness of the search (25% chance of finding a new horizon), the high uncertainty of the expected value (461% as measured by the volatility), and the low probability (20% chance) of finding an oil-bearing horizon, it is most likely that management would opt not to search for a new oil-bearing horizon but rather stay with the known production they already have on the field.
IV. DISCUSSION AND CONCLUSION
The problem of providing an economic assessment for multiple horizons in an oil field requires that a combination of factors be addressed. One must first assess the chance that another horizon exists, in addition to those already known on the field. One must then assess the chance that any such putative horizon would be oil-bearing, and third, one must assess the chance that profit can be made. These three aspects can be addressed in a variety of ways, but when there is expected to be some correlated behaviour of oil-bearing capability from horizon to horizon, then all data on analogous fields in the same geological setting in the basin should used to assess the chances of another horizon being present in a given field.
In addition, any and all drill information obtained in searching for the putative horizon should be used to update the probability that such an horizon, if found, will be oil-bearing. Also, the probability estimates for such a new horizon can be influenced by the correlated nature of prior oil flow across the field or between horizons. That component of information should also be used to sharpen the probabilities that such a new horizon, if found, will be oil-bearing. Finally, once all these probability assessments are made, one must provide an economic estimate of the worth of such an oil-bearing horizon to the profitability of the corporation. In such an analysis not only must the expected value be evaluated but also its uncertainty so that one has a measure (through the volatility and the cumulative probability of making any profit at all) of the riskiness of the search. The present paper has shown how one can go about providing estimates of all these factors and has given case histories so that numerical orders of magnitude are most easily visualized.
